Bell pepper (Capsicum annuum L.) is a group of fruit vegetables that has large variation in fruit shape, fruit size, and horticultural traits. Using unadapted sources of germplasm to bring in novel alleles while maintaining favorable quality and horticultural traits is challenging for breeding in pepper. A genetic map with 318 loci from genotype-by-sequencing (GBS) and single nucleotide polymorphism assays was generated from a recombinant inbred line population derived from a cultivated bell-type C. annuum 'Maor' and a landrace highly resistant to Phytophthora capsici, 'Criollo de Morelos-334'. Forty-nine quantitative trait loci (QTLs) were detected for fruit, leaf, and horticultural traits with the scantwo permutation and stepwiseqtl methods from R/ qtl. With the availability of a pepper reference genome and GBS data, candidate genes for pepper organ size and other horticultural traits were predicted. Big Brother, Ovate, and KLUH/CYP78A5 genes were candidate genes for controlling organ sizes on chromosome 1, 2, and 3, respectively. Two candidate genes controlling trichome formation in pepper are located at chromosome 10: TRICHOME BIREFRINGENCE-LIKE 5 and GLABROUS INFLORESCENCE STEMS. The A locus on chromosome 10, which encodes a member of the R2R3 MYB-domain family of proteins, has a function in anthocyanin accumulation. These QTL results and the candidate genes for each trait emphasize the genetic basis of the important traits for breeding with unadapted parents in bell pepper.
B
ell pepper (Capsicum sp.) is a genus of the Solanaceae family that also includes tomato (Solanum lycopersicum L.), potato (Solanum tuberosum L.), and eggplant (Solanum melongena L.). Peppers originated and became one of the first domesticated crops in the Americas (Pickersgill, 1997) . There are more than 30 wild species and five domesticated species in the genus. The domesticated species are C. annuum, Capsicum baccatum L., Capsicum chinense Jacq., Capsicum frutescens L., and Capsicum pubescens Ruiz & Pav. Capsicum annuum is derived from its wild progenitor C. annuum var. glabriusculum and is the most widely cultivated species with numerous commercial varieties. Wild peppers have traits such as small, soft fruits that are erect and easy destemming (separation Plant Genome 11:160125 doi: 10.3835/plantgenome2016.12.0125 of fruit from calyx), and have small leaves, pubescence, and high levels of pungency (Bosland and Votava, 2012) . In contrast, cultivated bell peppers are large-fruited and nonpungent. Initially, peppers were used as seasoning and medicines but were subsequently consumed as a spice and a vegetable (Paran and van der Knaap, 2007) . Criollo de Morelos-334 (CM334) is a member of C. annuum and it is known as a Mexican landrace pepper that has been used as a source of genetic resistance for several pathogens including Phytophthora spp., root-knot nematodes, and many types of viruses (Dogimont et al., 1996; Guerrero-Moreno and Laborde, 1980; Kim et al., 2011; Pegard et al., 2005) . However, CM334 contains many unfavorable 'wild' characters for breeding programs, especially for bell pepper, such as pubescent leaves and stems, small fruits, thin pericarps, small leaves, purple fruits, and high levels of pungency.
Fruit size and shape, which represent yield and marketable quality, are complex traits controlled by multiple genes. Quantitative trait locus analyses are used to study complex traits by predicting the regions in the genome that affect the traits and estimating the effect of each region. The power to detect QTLs is determined by genetic and phenotypic distance between parental lines, population size, and experimental designs that affect heritability (Crepieux et al., 2004; Hackett, 2002) . Fruit-related QTL studies in pepper have been reported in different pairs of parents, with both intraspecific and interspecific populations (Barchi et al., 2007 (Barchi et al., , 2009 Chaim et al., 2001; Dwivedi et al., 2013; Han et al., 2016; Rao et al., 2003; Yarnes et al., 2012; Zygier et al., 2005) . Most of these studies were focused on fruit size and fruit weight. However, QTL studies on horticultural and fruit quality traits that are important for bell pepper breeding programs have not included sequence or gene-based markers, and have not investigated highly-used sources of disease resistance, such as CM334.
Materials and Methods

Plant Materials and DNA Extraction
A recombinant inbred line (RIL) population was developed by crossing the P. capsici susceptible bell pepper Maor to the resistant landrace CM334 from Morelos, Mexico, followed by single-seed descent to the F 6 generation (Jinks and Pooni, 1976) . One hundred and twenty F 6 lines were used for genetic map construction. Genomic DNA was extracted from bulked leaf tissue from up to six plants each from the mapping population and parents. Leaf tissue was frozen at -80°C and isolated with the cetyl trimethylammonium bromide-chloroform method as described by Hill et al. (2013) with minor modifications.
Fruit and other Horticultural Trait Experiments
Recombinant inbred lines including both parents were planted at the Vegetable Crop field station at the University of California, Davis, with a non-replicated augmented design with the Maor parent replicated as a control to adjust for spatial variation. In 2013, 120 RILs were selected randomly and planted in the greenhouse. Seedlings were then transplanted at the six-to eight-leaf stage into a field plot with Reiff series silt loam soil (coarse-loamy, mixed, superactive, nonacid, thermic Mollic Xerofluvents) at University of California, Davis. Leaves and fruits were collected from the field, and leaf and fruit morphology measurements were taken as described by Yarnes et al. (2012) . Five leaves with petioles attached were collected from the main branch of each plant. Leaves were imaged with a scanner and the images were analyzed with the Tomato Analyzer version 3.0 (Brewer et al., 2006; Gonzalo et al., 2009) . Tomato Analyzer's basic measurement data including perimeter, area, width mid-height, maximum width, height mid-width, and maximum height were recorded. Ten fruits at the breaker stage of development were collected in the field from each line (five fruits for transverse and five for longitudinal sections) and scanned with the same procedure as leaf measurements (Fig. 1A) . Additionally, stem pubescence, anthocyanin on immature fruits and blossom-end data were collected in the field. Stem pubescence was measured on a scale from 0 to 5 where 0 = no pubescence on the stem and 5 = very pubescent stem (Fig. 1C) . Anthocyanin (purple stripes) on immature fruits were scored from 0 to 5 (0 = immature fruits were all green; 5 = most immature fruits were purple). For the parents, Maor was scored as 0, whereas CM334 was 5 for both measurements (Fig. 1B) . Blossom-end shape was scaled from 1 to 3 as explained in the Plant Descriptor (International Plant Genetic Resources Institute, 1995) with ratings of 1 = pointed end, 2 = blunt, and 3 = sunken (Fig.  1D) . Fruit shape was categorized into five groups (1 = elongated, 2 = rounded, 3 = triangular, 4 = campanuate, and 5 = blocky) (Fig. 1E ). All measurements were collected at the stages of development as explained in the Plant Descriptor. Pearson correlation coefficients among traits were determined by pairwise correlation in R software (version 3.2.0, R Foundation for Statistical Computing, Vienna, Austria).
Genotype-by-Sequencing and Map Construction
Genomic DNA was sequenced with the restriction siteassociated DNA sequencing protocol called RAD Capture (Ali et al., 2015) . Reads were mapped to the pepper reference genome (CM334) version 1.55 (Kim et al., 2014) with the CLC Genomics Workbench (CLCbio, Cambridge, MA). Single nucleotide polymorphisms were called and assembled following the methods from Ashrafi et al. (2012) and thus each marker consisted of a physical position on a chromosome in the reference genome.
Each marker was filtered to the expected Mendelian segregation ratio (1:1), based on χ 2 analysis (Mantel, 1963 ) and any marker with more than 50% missing data was removed. Additionally, 13 SNP markers from Rehrig (2014) and nine new markers associated with diversifying selection in peppers (W.Z. Rehrig and T. Hill, unpublished data) were combined with the markers from GBS to create the linkage groups in the present study based on the physical positions of the markers in the reference genome. The genetic map was constructed with Record software (Van Os et al., 2005) . The Kosambi map function was used to convert recombination fractions to map distances in cM (Kosambi, 1943) . The critical gap size was set at 30 cM resulting in linkage groups with markers spaced by over 30 cM being broken into separate groups. The genetic map was drawn with Mapchart version 2.30 software (Voorrips, 2002) .
Quantitative Trait Locus Analyses and Gene Ontology Annotation
Field data were evaluated for QTLs with the R/qtl program (Broman and Sen, 2009; R Foundation, 2005) . The scantwo function with 1000 permutations and the "hk" method was used to optimize the penalized logarithm of odds (LOD) score, which was used to calculate QTL models with the stepwiseqtl function at p = 0.05. The stepwiseqtl function builds multiple QTL models by adding one QTL at each step for forward selection with the setup in stepwiseqtl as step = 2 cM, method = hk, and maximum QTLs = 10. After that, the backward elimination removed one QTL at each step to the null model. The model with the maximum penalized LOD score would be selected as the QTL model. The selected model was analyzed by two functions in R/qtl: makeqtl and fitqtl, which summarized the results of QTL model including the percentage of phenotypic variance and the LOD score of the model. Additionally, the results of each QTL in the model were also analyzed from fitqtl function (Broman and Sen, 2009) .
Genomic regions from QTL analyses were determined from their physical position on the reference genome of the SNP nearest to the QTL peak. Candidate genes closer than ±5 cM from the peak of each QTL were identified from Blast2GO protein annotations of the gene Maor (right) were the examples of fruit size data collection (A). Anthocyanin (purple stripes) on immature fruits were scored from 0 to 5: 0 = immature fruits were all green; 5 = most of immature fruits were purple (B). Stem pubescence was measured on a scale from 0 to 5 where 0 = no pubescence on the stem and 5 = very pubescent stem (C). Blossom ends were scaled from 1 to 3 as explained in the Plant Descriptor as 1 = pointed end; 2 = blunt, and 3 = sunken (D). Fruit shape was categorized into five groups as 1 = elongated, 2 = rounded, 3 = triangular, 4 = campanuate, and 5 = blocky (International Plant Genetic Resources Institute, 1995) (E). models published with the reference genome (Conesa et al., 2005; Kim et al., 2014) . Annotation of the protein encoded by each gene was related to function by comparing transcriptome sequences of each gene to the protein (BLASTX) from Arabidopsis thaliana (L.) Heynh. and Solanaceae databases.
results
Phenotypic Data and Correlations among Traits
From 120 RILs, transverse section, longitudinal section, and scanned leaf data were obtained from only 93, 84, and 111 RILs, respectively (Supplemental Table S1 ). This was caused by technical errors during image processing. Stem pubescence, fruit shape, anthocyanin in young fruit, and blossom-end data were collected from all 120 RILs. The mean of the RIL population, as well as the means of both parents for each trait are presented in Table 1 . Correlations among traits are shown in Fig. 2 . Most of the fruit traits were positively correlated to each other as well as positively correlated to leaf traits. However, leaf traits had slightly negative correlations with stem pubescence and anthocyanin stripes on young fruits.
Genotype-by-Sequencing and Map Construction
From GBS, 1704 SNP markers were aligned to the CM334 reference genome. After filtering out SNPs with >50% missing data and SNPs that did not segregate with Mendelian ratios (1:1 for RIL), 318 markers including 22 SNP markers [13 markers from the pepper P. capsici study of Rehrig et al. (2014) ] were selected for map construction and QTL analysis ( Fig. 3 and Supplemental Table S1 ). The markers from the GBS data were named based on their physical positions on the pepper reference genome. The other markers were referred to by the SNP names in Rehrig et al. (2014) . The markers mapped to 12 linkage groups, mostly corresponding to the physical positions from the alignment. The number of markers ranged from 12 to 45 per linkage group. The genetic map covered a total of 1095 cM of the pepper genome with an average of 91.3 cM per linkage group.
Quantitative Trait Locus Analyses and Gene Ontology Annotation
A total of 49 QTLs were associated with 19 horticultural traits ( Table 2) . The QTLs for all fruit traits, including measurements of fruit sections, fruit shape, and blossomend shape, which mapped to the same regions, are considered to be fruit trait QTL regions. Fruit trait QTLs were distributed onto chromosomes 1, 2, 3, 6, 8, 9, 10, 11, and 12. The models explained 14 to 70% of the phenotypic variance. Common QTLs for all measurements of fruit sections were located on chromosome 3, which contained the largest proportion of the phenotypic variance for each model. Fruit QTLs on chromosomes 1, 2, and 3 were further analyzed for candidate genes for fruit size and shape.
Seven QTLs were detected for three leaf traits: leaf perimeter, leaf area, and leaf width mid-height, which were located on chromosomes 1, 2, and 3 (Table 2 ) but at different locations from the fruit QTLs on chromosomes 1 and 3 (Fig. 3) . Three QTLs were detected for stem pubescence and were located on chromosomes 2, 10, and 11, respectively. The model explained 68% of the phenotypic variation of the trait, with the largest proportion of variation explained by the QTLs on the end of chromosome 10. Only one QTL was detected for the variation of anthocyanin stripes on young fruit, which was located at 24.5 cM on chromosome 10 and accounted for 40% of the phenotypic variation.
To understand the mechanism of important traits in pepper breeding, all of the horticultural traits were investigated with Sanger-EST, RNASeq transcriptomes, and the pepper genome assemblies to determine the candidate genes involved in these traits Kim et al., 2014) . One hundred and twenty-two genes are located under the four leaf and six fruit QTLs on chromosome 1, whereas 934 and 895 genes are located under the QTLs from chromosomes 2 and 3, respectively. The QTL for stem pubescence on chromosome 10 has 149 genes and the QTL for anthocyanin stripes in young fruit on chromosome 10 has 56 genes under the QTL. Synonyms were also used for searching keywords for candidate genes in each group of traits; for example, "trichome" was used to search for candidate genes controlling stem pubescence.
Discussion
Phenotypic Data Correlations
Most of the fruit traits were significantly positively correlated with each other, except for data on longitudinal 29.7 † %Var, the percentage of phenotypic variance explained by QTLs; Chr., chromosome; Pos., genetic position (cM); Est., estimate effect of QTLs (+, Maor direction; -, Criollo de Morelos-334 direction); 1.5-LOD, 1.5-LOD interval of the QTL; ; Q1, Q2, Q3, etc. = each QTL on a trait (e.g. Stem has three QTL: Q1, Q2 and Q3); XP, transverse perimeter; XA, transverse area; XWM, transverse width mid-height; XMW, transverse maximum width; XHM, transverse height midwidth; XMH, transverse maximum height; LP, longitudinal perimeter; LA, longitudinal area; LWM, longitudinal width midheight; LMW, longitudinal maximum width; LHM, longitudinal height midwidth; LMH, longitudinal maximum height; FrSHP, fruit shape; BLOS, blossom-end shape; LfP, leaf perimeter; LfA, leaf area; LfWM, leaf width midheight; Stem, stem pubescence; Ant, anthocyanin stripe on young fruit.
perimeter, height mid-width, and maximum height. These results were caused by variations in the fruit shape. The correlation between fruit diameter (latitudinal width and height) and fruit length (longitudinal height) was detected by Barchi et al. (2009) and Sharma et al. (2010) . Our correlation coefficient was lower than that in these previous studies, perhaps because of the lack of replicates, the number of RILs in the population from field experiments, and the different types of plant materials. All of the leaf traits were positively correlated with each other but they were negatively correlated with the presence of pubescence on the stem. This corresponded to the leaf characteristics of the CM334 parent, which has smaller leaves and a high level of pubescence (Fig. 4) . There was a slightly negative correlation between anthocyanin accumulation in young fruit and fruit length (longitudinal height mid-width and longitudinal maximum height). Chaim et al. (2003) reported the linkage between a region that controlled anthocyanin accumulation and a major QTL controlling the fruit shape index in pepper.
Quantitative Trait Locus Analyses
Fruit size and shape are important in bell pepper breeding programs, because they represent the yield and quality of the commercial product. These are complex traits that are controlled by multiple genes and through different pathways. This study reports a comprehensive QTL study for fruit-related traits in pepper, as well as other horticultural traits that are important in breeding programs with genome-based analyses. The first fruit-related QTL study in pepper was published in 2001 from a cross between the bell pepper Maor and a small-fruited hot pepper 'Perennial' (Chaim et al., 2001) . Fourteen traits were observed and the QTLs were clustered in a few regions on linkage groups 2, 3, 4, 8, and 10. A major QTL was detected on linkage group 3 for most traits, and was named fs3.1 for fruit shape. This QTL was subsequently detected in other studies (Barchi et al., 2007 (Barchi et al., , 2009 Dwivedi et al., 2013; Han et al., 2016; Lee et al., 2011; Yarnes et al., 2012) . In the present study, major QTLs were detected on chromosome 3 for all the transverse and longitudinal measurements as well as leaf size measurements. This major QTL was located 124 to 168 cM in the genetic map on chromosome 3. Another QTL identified in Chaim et al. (2001) , controlling fruit weight, was named fw2.1. This QTL was detected with a marker that had been used to detect two fruit weight QTLs in tomato (Alpert and Tanksley, 1996) and was validated in other pepper populations (Rao et al., 2003; Zygier et al., 2005) . Our results also confirmed that QTLs on chromosome 2 were also associated with the measurements of perimeter, area, and maximum height in latitudinal sections at 63 to 72 cM. These traits also had a statistically significant correlation with yield data (Chunthawodtiporn, 2016) . The third region identified in the present study was a QTL on chromosome 1 at 69 to 73 cM. This locus was detected for both latitudinal and longitudinal measurements of sectional data. Quantitative trait loci on chromosome 1 were detected in previous studies (Barchi et al., 2007; Dwivedi et al., 2013; Rao et al., 2003; Zygier et al., 2005) . Other fruit-related QTLs were located on chromosomes 4, 6, 8, 9, 10, 11, and 12. This work showed leaf size was significantly correlated with fruit traits, especially to fruit weight, consistent with other studies that found some fruit trait QTLs that colocalized at the same positions as leaf traits (Lu et al., 2012; Sharma et al., 2010) . Yarnes et al. (2012) . In the present study, we found that fruit-related QTLs on chromosomes 2 and 3 were linked to the leaf trait regions.
A recent publication used a high-density bin map that aligned to the same reference genome as our study (Han et al., 2016) . Han et al. (2016) and our study used intraspecific C. annuum RIL populations that aligned with the CM334 genome published in 2014 (Kim et al., 2014) . Among 17 traits examined in both studies, fruit length, fruit diameter, and fruit color in the immature stage were the only common traits. Table 3 shows the physical and genetic positions of the common traits from each map. Both studies detected QTLs for fruit diameter on chromosomes 1, 2, and 3. Fruit length was measured from the longitudinal height data and the fruit diameter was the height and width of the latitudinal sectional data. The physical -69 197-202 86-96 190-195 positions of QTLs for fruit length show similar locations between both studies, at approximately 240 Mbp on chromosome 3 (Table 3 ). However, the major QTLs for fruit shape from the previous studies (Barchi et al., 2007; Rao et al., 2003; Zygier et al., 2005) were located around 194 Mbp, considering the most tightly linked marker. Nevertheless, the physical locations of all the regions between our study, Han et al. (2016), and Hill et al. (2017) were different (Table 3 ). In terms of fruit weight, the QTL fw2.1 was detected in C. frutescens and C. chinense at approximately 156 Mbp (Chaim et al., , 2001 Zygier et al., 2005) , whereas our fruit diameter QTL that correlated with fruit weight (Chunthawodtiporn, 2016) was located at 170 Mbp close to the QTL peak. Immature fruit color QTLs from our data and those of Han et al. (2016) were located in similar physical positions; however, the collected data were different between light-to-dark green color on young fruit from Han et al. (2016) and the presence of anthocyanin stripes from our result.
Linkage among Fruit QTLs and Unfavorable Traits in Breeding with the Disease-Resistant Parent
Not many studies have reported the challenge of selection for desirable traits in pepper for fruit or yield when breeding with unadapted germplasm, such as in sources of disease resistance that usually contain undesirable traits for fruit quality and horticulture like stem pubescence and anthocyanin on immature fruits. In CM334, a widelyused source of disease resistance, small fruits, high pungency level, stem and leaf pubescence, and the presence of anthocyanin in young fruits are found (Fig. 4) . Moreover, CM334 plants are prostrate and small-leaved, traits that do not protect large-fruited bell peppers from sunburn. The present study reports the linkages among these traits. Trichomes are differentiated epidermal cells on the surface of plant organs that protect plants from water deficiency, UV radiation, insects, and pathogens (Grammatikopoulos and Manetas, 1994; Kim et al., 2011; Lamb, 1980; Liakoura et al., 1997) . In this study, stem pubescence was evaluated by scoring stems from glabrous (0) to very pubescent (5) (Fig. 1C) . Quantitative trait loci for trichomes on stems from CM334 were found on chromosomes 2, 10, and 11, which were linked to the fruit QTLs from Maor on the same chromosomes.
Anthocyanin pigments are a group of flavonoid compounds that produce a wide range of color and accumulate in leaves, stems, flowers, seeds and fruits (Holton and Cornish, 1995) . They function as pollinator attractants and antioxidants (Winkel-Shirley, 2001) . Genes that regulate anthocyanin biosynthesis have been studied in many solanaceous plants and are located in syntenic chromosomal regions in Petunia, tomato, potato, eggplant and pepper Rinaldi et al., 2016) . Moreover, the discovery of a homologous regulatory locus in anthocyanin biosynthesis in solanaceous crops was suggested to indicate parallel selection in the domestication of solanaceous crops. In pepper, an anthocyanin QTL was detected on chromosome 10 in young fruits (Borovsky and Paran, 2011 ) and the current study, the same chromosome where QTLs for stem pubescence and fruit traits were found.
Candidate Genes for Organ Size, Trichomes, and Anthocyanin
Plant organ growth and size are influenced by both genetics and the environment. Developmental mechanisms that control organ sizes are cell proliferation, when cell size remains constant, and cell expansion, which requires a loosening of the cell wall and accumulation of water into a vacuole (Cosgrove, 2005; Powell and Lenhard, 2012; Schopfer, 2006) . Carpels are considered modified leaves, which are determinate tissues that regulate their final size by the total number of cells and their cell size. The total number of cells is largely determined by the transition phase from cell proliferation to cell expansion (an arrest front) (Ichihashi et al., 2010; White, 2006) .
Organ size is a complex trait controlled by several genes and different pathways. The following are some of the more obvious candidate genes associated with our QTL regions. Big Brother is a gene that was found by screening the pepper genome sequence under Ft_1.1, a QTL region from measurements of latitudinal sectional data, against the A. thaliana reference genomes (Hill et al., 2017) . Big Brother encodes a RING-finger domain protein that acts as an E3 ubiquitin-ligase, which works with the putative ubiquitin-binding protein (DA1) to limit organ size by promoting the end of the cell proliferation stage and starting cell expansion (Disch et al., 2006; Li et al., 2008; Powell and Lenhard, 2012) . This protein is thought to mediated the proteasome-dependent degradation of growth-stimulating factors. The loss-offunction mutant (bb) increases size of sepals and petals, and thickens stems. On the other hand, overexpression of BB reduces the size of these organs (Krizek, 2009 ).
Unlike Big Brother, which functions in a cell-autonomous manner, KLUH/CYP78A5 (KLU) requires coordination of signals between tissue layers or organs (Powell and Lenhard, 2012) . The KLU gene that was detected on chromosome 3, associated with the Ft_3.1 region, was proposed to generate a transportable growth signaling molecule and control the timing to end the proliferation phase for avoiding the premature arrest in A. thaliana and tomato (Anastasiou et al., 2007; Chakrabarti et al., 2013; Hill et al., 2017) . This gene encodes a cytochrome P450 monooxygenase protein (Anastasiou et al., 2007) . Cytochrome P450s are a large group of proteins with a conserved hemebinding region and the invariant cysteine for coordinating the Fe ion for catalysis (Zondlo and Irish, 1999) . A lossof-function klu mutant reduced the size of stems, leaves, and flowers but did not affect the root size in A. thaliana. Conversely, overexpressed KLU caused significant increase in leaf, sepal and petal sizes. From the epidermal cell calculation and the mutant experiment, Anastasiou et al. (2007) suggested that KLU functioned at the end of the proliferation phase to prevent premature arrest. Moreover, KLU was reported to generate a mobile growth-stimulating compound that was different from classical plant hormones, as inferred from the difference between regions of gene expression and cell division (Anastasiou et al., 2007) . Although KLU's enzymatic activity has not been identified, a closely related gene has been studied in maize (Zea mays L.) and it was found that CYP78A1 had the activity of Ω-hydroxylation of fatty acid (Imaishi et al., 2000) .
Ovate was detected between the Ft_2.1 and Ft_2.2 regions in our QTL study (Hill et al., 2017) . Zygier et al. (2005) found a fruit shape QTL (fs2.1) and a fruit weight QTL (fw2.1) that were mapped close to the Ovate gene. This gene was originally discovered in tomato, where it controlled fruit shape transformation in tomato from round to pear-shaped fruit (Liu et al., 2002) . This gene, which encoded an uncharacterized hydrophilic protein with a putative bipartite nuclear localization signal, was expressed in early stage of flower and fruit development. The Ovate family protein was further studied in A. thaliana and it was found that the protein contained an OVATE domain with an LxLxL motif (repeated leucine residues and any other amino acid), which is conserved in all Arabidopsis thaliana Ovate family protein (AtOFP) members (Wang et al., 2007) . This gene family controls cell elongation in the aerial organs such as leaves, floral organs, hypocotyls, and siliques. Expression of the Ovate gene in tomato was detected in flowers 10 d before anthesis and was expressed until 8 d after anthesis in developing fruit (Liu et al., 2002) . Gain-of-function mutants led to the reduction of organ sizes. Overexpression of other genes in the family caused similar phenotypes, indicating the overlapping functions of the proteins. Additionally, AtOFP1 was reported to localize in the nucleus and to act as an active transcriptional repressor, regulating a gene in the gibberellin biosynthesis pathway (AtGA20ox1). The effect of the sufficiency of gibberellin biosynthesis resulted in the suppression of cell elongation (Wang et al., 2007 ). An Ovate-like gene (CaOvate) was cloned and studied in two pepper cultivars designated 'Round' and 'Long' (Tsaballa et al., 2011) . This gene was differentially expressed in the two pepper cultivars. Round exhibited high expression 5 d after anthesis in young fruits, whereas in the Long cultivar, the expression levels were highest at 5 d before anthesis in the buds and had significantly lower levels of expression than the Round cultivar after anthesis. A virus-induced gene silencing downregulated mutant of CaOvate resulted in the change of fruit shape in Round to a more oblong form (Liu et al., 2002) . Further research revealed that CaOvate downregulated the CaGA20ox1 gene, similarly to the tomato GA20ox1 gene. The regulation of CaOvate caused the effect in fruit elongation via CaGA20ox1 (Tsaballa et al., 2012) .
Only one QTL with a high LOD score was associated with anthocyanin stripes in immature fruit in the present study. It was located in the middle of chromosome 10, which corresponded to the location of the A locus that was studied from an F 2 -derived from crosses between a purple-fruited and green-fruited pepper (Borovsky et al., 2004) . This result was also similar to the QTL for style color identified from a C. annuum RIL population of 'Early Jalapeno' and CM334 located on chromosome 10 (Rehrig, 2014) . Marker analysis showed that the A locus was a single gene in the pepper genome, similar to the An2 gene in Petunia encoding a basic helix-loop-helix protein. This differs from mapping data in tomato and potato, which revealed two loci controlling anthocyanin accumulation . The A protein was characterized to a family of R2R3 MYB-domain genes that acted as regulators of many developmental processes (Borovsky et al., 2004) . Silencing this gene caused the loss of anthocyanin accumulation in both leaf and fruit in pepper (Aguilar-Barragán and Ochoa-Alejo, 2014; Zhang et al., 2015) .
Two candidate genes were detected within the Stem_10.1 region for the presence of trichomes on the stem. Based on the physical positions on the CM334 reference genome, both candidate genes were located at 231.6 Mbp, which were annotated to the proteins TRICHOME BIREFRINGENCE-LIKE 5 and a C2H2 zinc-finger-containing transcription factor. TRICHOME BIREFRINGENCE-LIKE 5 was studied in A. thaliana, and it belongs to the plant-specific DUF231 domain gene family with unknown function (Bischoff et al., 2010) . Lossof-function mutants produced lower levels of crystalline cellulose and a change in pectin composition in trichomes and stems. The second gene, encoding a putative C2H2 transcription factor, was homologous to the GLABROUS INFLORESCENCE STEMS (GIS) gene in A. thaliana that a regulated by gibberellin hormones (Gan et al., 2006) . Loss-of-function mutations resulted in the decrease in trichome production on successive leaves, stem internodes, and branches. Expression analysis with other genes in the pathway suggested that GIS acted in a GA-responsive pathway upstream of a trichome initiation regulator and downstream of the GA signaling repressor. A recent study found that GIS also regulated cell morphogenesis and negatively controlled trichome branching during trichome development .
We have listed nonsynonymous SNPs found in the coding region for these candidate genes in Supplemental Table S2 . Although this analysis provides additional markers, this is not conclusive evidence that these genes are causal for the traits. Methylation, large insertions, undefined promoter changes, and post-translational modifications can be the cause of allele differences that are not explained by SNPs as well.
From QTL analyses, 49 QTLs were detected for fruitrelated traits, leaf size, stem pubescence, and the presence of anthocyanin in the immature fruits. With the advantages of the availability of the pepper reference genome and the gene ontology, QTL regions were further investigated for some common regions that were detected from several traits or contained high percentages of the phenotypic variation for the potential candidate genes. After screening our results with pepper protein annotation and the A. thaliana reference genes, we found that Big Brother on chromosome 1, Ovate on chromosome 2, and KLU on chromosome 3 were candidate genes that had major effects on organ size, including both leaf and fruit size, whereas TRICHOME BIREFRINGENCE and GIS are candidate genes for stem pubescence on chromosome 10. The A protein containing an R2R3 MYB domain was considered for the presence of anthocyanin stripes in young pepper fruits.
conclusion
In this study, we found that fruit traits were clustered in a few regions of the pepper genome. Quantitative trait loci for traits that are important to track when breeding with unadapted germplasm such as sources of disease resistance from landraces were studied. Genetic markers for these traits should be useful as tools for selection against these undesirable alleles. Using the GBS method to construct a genetic map allowed us to investigate the candidate genes from the pepper reference genome and annotate genes that should be further studied to understand the genes affecting these complex traits.
Supplemental Information
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